Porphyrin-derivative modified TiO 2 photocatalysts showed high photocatalytic activity for the selective catalytic reduction of NO with NH 3 in the presence of O 2 under visible-light irradiation. Tetra(p-carboxyphenyl)porphyrin (TCPP) was the most effective photosensitizer among the five porohyrin derivatives investigated. NO conversion and N 2 selectivity of 79.0% and 100% respectively, were achieved at a gas hourly space velocity of 50,000 h -1 . UV-Vis and photoluminescence spectroscopies revealed the presence of two species of TCPP on the TiO 2 surface; one was a TCPP monomer and the other was a H-aggregate of the TCPP molecules. It was concluded that the TCPP monomer is an active species for the photo-assisted selective catalytic reduction (photo-SCR). Moreover, an increase in the fraction of H-aggregates with the increasing TCPP loading amount resulted in a decrease in the decrease of the photocatalytic activity of the photo-SCR.
Introduction
NO x , which is present in the exhaust gas of stationary emission sources, is removed by the selective catalytic reduction with NH 3 (NH 3 -SCR) over vanadium oxide-based catalysts according to the following equation: (4NO + 4NH 3 + O 2 → 4N 2 + 6H 2 O) 1-3 .
The NH 3 -SCR process is performed at temperatures above 573 K. To save the energy used for heating the catalyst bed, novel catalysts are required for performing the NH 3 -SCR at low temperatures [4] [5] [6] . Photocatalysis is one of the promising candidates for the NH 3 -SCR because photocatalytic reactions proceed at room temperature. We have reported the photo-assisted selective catalytic reduction (photo-SCR) of NO with NH 3 in the presence of O 2 over TiO 2 photocatalysts under UV-light irradiation [7] [8] [9] [10] . In this system, the NO conversion and N 2 selectivity of 90% and 99%, respectively, were achieved at a gas hourly space velocity (GHSV) of 8,000 h -1 , which is sufficient for the deNO x process in typical stationary sources such as power plants, blast furnaces, and incinerators. However, a very high GHSV was required in diesel engines owing to the limited installation space of the deNO x process and a high flow rate of the exhaust gas.
The volume of the catalyst was required to be of the order of the volume of the diesel engine cylinder (typical GHSV in a three-way catalyst is approximately 100,000 h -1 ) 11 .
Unfortunately, the NO conversion decreased with the increasing GHSV in the photo-SCR system and it decreased to 40% at a GHSV of 100,000 h −1 10 . Therefore, the photocatalytic activity of the photo-SCR has to be improved at a high GHSV region in order to remove the NO x from the exhaust gas of diesel engines.
Expansion of the adsorption wavelength to the visible-light region is an effective way of improving the photocatalytic activity. TiO 2 photocatalysts do not absorb visible light because of their wide band gap (> 3.2 eV). Surprisingly, the photo−SCR proceeds to 12, 13 .
However, the photocatalytic activity under visible-light irradiation is not sufficient for the application of the photo-SCR technology to the system at a high GHSV region.
Thus, the proposed study aims to increase the photocatalytic efficiency under visiblelight irradiation.
Porphyrin derivatives have absorption bands in the visible region owing to the π-π* transitions. Porphyrin derivatives are widely used as sensitizers in dye-sensitized solar cells (DSSCs) [14] [15] [16] [17] and dye-sensitized photocatalysts [18] [19] [20] under visible-light irradiation owing to the following properties: 1) they exhibit intense absorption bands in the visible-light region, and 2) their photochemical and electrochemical properties can be tuned by the modification of the substituents and selection of the central metal. In previous studies, the porphyrin-sensitized photocatalysts were used for performing liquid phase reactions such as the hydrogen production from water 20 , and degradation of organic compounds 18, 19, 21 . However, there are only a few reports on the reactions involving porphyrin-sensitized photocatalysts in the gas phase. Recently, Ismail et al.
reported that the porphyrin-sensitized mesoporous TiO 2 films exhibited an improved photocatalytic activity for the photodegradation of acetaldehyde in the gas phase under visible-light irradiation 22 . The porphyrin derivative-modified photocatalyst works efficiently as a visible-light response photocatalyst in the gas phase. In this study, we used five types of porphyrins for the modification of the TiO 2 photocatalyst, and investigated their performances in the photo−SCR using a gas flow reactor at a high GHSV of 50,000 h -1 . Hence, it can be seen that the porphyrin functional group used for the modification of TiO 2 had a significant effect on the photo-SCR activity. IMP is estimated to be 2.8×10 -2 molecule nm -2 . As shown in Figure 3 , increasing the loading amount of TCPP enhanced the capability of the visible-light absorption, which leads to the higher conversion of NO. On the other hand, the conversion of NO decreased when the TCPP loading was higher than 12.5 µmol g -1 . The UV-Vis spectroscopy revealed that the H-aggregates of TCPP were generated with the increase of the TCPP loading amount. The excited state lifetime of the H-aggregates was slightly shorter than those of the monomers 24, 27 . The generation of H-aggregates with a short excited state lifetime decreased the electron transfer efficiency from the excited state of TCPP to the conduction band of TiO 2 due to non-radiative deactivation, which possibly resulted in the decrease of the photo-SCR activity.
Yamamoto Table 2 summarizes the concentrations of N 2 in the outlet gas for the photo-SCR under various reaction conditions. The conversion of NO in the photo-SCR over TCPP-TiO 2 -IMP was 79.0% (Entry 1) and the activity was stable for at least 6 h of visible-light irradiation (the time course is shown in Figure S1 in the supporting information). powder was prepared as a reference (TCPP-TiO 2 -MIX).
Photo-SCR under various reaction conditions

On-off response tests of visible light irradiation
Photocatalytic reaction
The photo-SCR was carried out in a conventional fixed-bed flow system at an 
Characterization
UV-Vis transmission adsorption and diffuse reflectance spectra were obtained with a UV-Vis spectrometer (JASCO V-650). Transmission adsorption spectra were measured using a 1 cm quartz cell at room temperature in the scan range of 300-800 nm.
Photoluminescence spectra were recorded on a Hitachi F-7000 fluorospectrometer in the scan range of 550-760 nm at an excitation wavelength of 410 nm. Figure legends 
